nopositive filipodia were no longer obvious; however, liprin-␣-and GRIP-reactive puncta were still readily deWhen we directly compared liprin-␣2 and GRIP immunostaining along dendrites, a substantial fraction of litectable in neurite shafts and in the bodies of growth cones ( Figure 4G ). prin-␣2 immunoreactive puncta colocalized with GRIP puncta ( Figure 3C ). Similarly, a significant fraction of liprin-␣2 immunoreactive puncta colocalized with LARUltrastructural Localization of Liprin-␣ in Rat Brain RPTP along dendrites ( Figure 3D ). However, the distribution of LAR-RPTP was actually more synaptic than liprin:
Postembedding immunogold EM of adult rat cerebral cortex was performed using 254.2 anti-liprin-␣2 anti-LAR-RPTP showed a high degree of punctate colocalization with PSD-95 ( Figure 3E ) and GluR2 ( Figure 3F) , body. In all blocks examined, a large fraction of gold particles was associated with asymmetric synapses of particularly on dendritic spines. LAR-RPTP immunoreactivity also colocalized extensively with synaptophysin, both simple and perforated types ( Figures 5A-5D ). Synaptic labeling was often but not exclusively over the confirming its synaptic enrichment (data not shown). The overlapping distributions of liprin-␣, GRIP, and LAR-PSD and the postsynaptic membrane. Additional immunoreactivity was found over presynaptic membranes, RPTPs are consistent with the partial association of To test if the GRIP-liprin-␣ interaction is important for synaptic targeting of AMPA receptors, we overex-A small fraction of labeled synapses were of the symmetric type (presumably inhibitory synapses) where labeling pressed in cultured hippocampal neurons liprin-␣1A, the C-terminal splice variant lacking the last 17 residues of was found, particularly over the presynaptic terminal.
The distribution of liprin-␣2 immunogold particles in liprin-␣1 (including the PDZ binding motif ϪTYSC). Since liprin-␣1A cannot bind GRIP ( Figure 1C ) but is otherwise the vicinity of the synapse was quantified. In the axodendritic axis of the synapse, particle density showed a virtually identical to liprin-␣1, we reasoned that it should perform all liprin-␣1 functions except for GRIP binding. broad peak centered over the postsynaptic membrane, gradually diminishing within ‫001ف‬ nm into both pre-and Upon overexpression, liprin-␣1A would then act as a dominant-interfering construct to "uncouple" liprin-␣ postsynaptic profiles ( Figure 5E ). The lateral distribution of particle density appeared uniform across the PSD function from GRIP. Transfection of liprin-␣1A in hippocampal neurons ( Figure 5F ). Overall, the immunoEM data confirm the We sought additional evidence that the GRIP-liprin-␣1 interaction is critical for surface expression and synaptic clustering of AMPA receptors. We first tried overexpression of a liprin-␣1 C-terminal construct that would compete for binding of liprin-␣ to GRIP PDZ6. However, transfection of the C-terminal 50 amino acids of liprin-␣1 or liprin-␣1A fused to GFP or to a myristoylation modification tag had no effect on AMPA receptor clustering or surface levels (data not shown).
As an alternative approach to competitively disrupt the liprin-␣-GRIP interaction, we overexpressed PDZ6 of GRIP1 fused to an N-terminal HA-tag and myristoylation modification sequence for membrane association (Myr-HA-PDZ6). All neurons transfected with Myr-HA-PDZ6 showed a strong reduction in surface expression of endogenous GluR1 and GluR2 and virtual elimination of surface clusters (Figures 8A, 8B, and 8E) . Overexpression of the Myr-HA-PDZ6 construct had no effect on the clustering of PSD-95 ( Figure 8D did not disrupt the coimmunoprecipitation of GRIP and liprin-␣1 ( Figure 8F) . Furthermore, interfering with the liprin-GRIP interaction did not disrupt the association of GluR2 and GRIP: the coimmunoprecipitation of GRIP1 ever, since GluR1 and GluR2 are largely heteromerized and GluR2 from COS-7 cells was unaffected by cotransin hippocampal neurons, we could not distinguish if the fection of liprin-␣1, liprin-␣1A, Myr-HA-PDZ6, or Myrliprin-␣1A effect was specific for either of these sub-HA-PDZ3 ( Figure 8G) . Thus, the dominant-negative efunits. To explore this issue, we cotransfected liprin-␣1A fects of GRIP-PDZ6 and liprin-␣1A on AMPA receptor with recombinant GluR1 or GluR2 (tagged with an HA targeting are unlikely to be secondary to disruption of epitope tag near the N terminus to allow surface staining in live neurons). HA-GluR1 and HA-GluR2 were strongly the GRIP-AMPA receptor interaction. (1 g/ml) in GDB for 1hr at room temperature. For staining HAdues 568-655) and the C-terminal region of liprin-␣4 (C-terminal tagged surface AMPA receptor, transfected neurons were labeled 909 residues) were subcloned into GST-fusion vector pGEX-4T-1 with mouse anti-HA antibody (1 g/ml; Boehringer Mannheim) for (Pharmacia, Piscataway, NJ). GST-fusion proteins were prepared 1 hr at 4ЊC to visualize the surface HA-GluR receptors, then washed as crude bacterial lysates, separated by SDS-PAGE electrophoresis, with cold DMEM and fixed for 8 min in 4% paraformaldehyde/4% transferred to nitrocellulose, and incubated with 0.5 g/ml H 6 -sucrose. Neurons were then incubated with rat anti-HA (1 g/ml; tagged fusion protein of GRIP1 containing PDZ4-6 (residues 463-Boehringer Mannheim) and rabbit anti-liprin-␣ antibody 1069 761) (Wyszynski et al., 1998) or 0.5 g/ml H 6 -tagged fusion protein
Figure 6. Overexpression of Liprin-␣1A Disrupts Dendritic Clustering and Surface Expression of AMPA Receptors (A-F) Cultured hippocampal neurons were transfected at DIV14 with either liprin-␣1A (A, C, D, and E) or liprin-␣1 (B and F), and doubled labeled at DIV20 for overexpressed liprin-␣1 (green) and endogenous GluR2/3 ([A and B], red), endogenous PSD-95 ([C], red), endogenous surface GluR1 ("s-GluR1", [D], red), or endogenous surface GluR2 ("s-GluR2," [E and F], red). Transfected neurons were detected using antiliprin-␣1 antibodies at a low dilution that allowed visualization of cells overexpressing liprin-␣1, but not of endogenous liprin-␣1in untransfected cells (examples of untransfected cells shown in [A], [D], [E], and [F]). Boxed regions are shown at higher magnification below each panel in gray-scale for individual channels and in color for merged green and red channels. Untransfected neuron in (A) (cell body top right) shows normal dendritic clustering of GluR2/3. Arrowheads in enlarged insets of (A) point to a dendrite of an untransfected cell crossing the transfected neuron. Untransfected neurons in (D), (E), and (F) exhibit normal levels of surface GluR1 and
(1 g/ml) in GDB for 1hr at room temperature to label intracellular of the first two PDZ domains of PSD-95 (amino acids 41-267) (Kim tagged receptors and liprin-␣. After extensive washing, neurons et al., 1995).
were incubated with FITC-, Cy3-and Cy5-conjugated secondary antibodies in GDB for 1 hr at room temperature.
Antibodies
Affinity-purified rabbit anti-GRIP antibodies "1756" and "C8399-I" Image Analysis and Quantification Fluorescence images of singly transfected neurons double stained (Wyszynski et al., 1998, 1999) and anti-PSD-95 antibodies ("CSK") (Kim et al., 1995) have been previously described. Rabbit antifor endogenous and exogenous protein were acquired through a Zeiss 63ϫ (NA 1.4) objective using a Photometrics CCD camera liprin-␣ sera 1551 and 1069 were raised against synthetic peptides corresponding to rat liprin-␣4 amino acids ARVRQREKMNEDHN (Princeton Instruments, Trenton, NJ) and analyzed using MetaMorph image analysis software (Universal Imaging Corporation, Downing-KRLS and rat liprin-␣1 amino acids SFRRAPSWRKKFRPKDIR, respectively, and affinity-purified on Sulfolink columns coupled to the town, PA). For confocal image analysis and quantification of double-
